Introduction
The thin-film photovoltaic materials have drawn world-wide attention since converting sunlight into electricity is one of the most promising approaches to solve the energy and environment issues [1] .
Chalcopyrite-structure (like Cu(In,Ga)Se 2 ) and its cousin kesterite-structure (like Cu 2 ZnSn(S,Se) 4 ) materials as the absorber for the solar cells have been widely studied [2] [3] [4] [5] . Cu(In,Ga)Se 2 and Cu 2 ZnSn(S,Se) 4 thin-film photovoltaic devices have achieved a record efficiency of 22.3% [4] and 12.6% [5] on a laboratory scale, respectively.
However, a thermodynamic analysis by Shockley and Queisser [6] shows Luque and Martí [7] predicted that the efficiency in the IBSC could increase significantly over the Shockley-Queisser limit to 46.8% at 1 sun and 63.2% at full concentration [10] . The ideal width of the band gap for the IBSCs are 2.40 eV and 1.93 eV at 1 sun and full concentration [11, 12] , respectively.
Chalcopyrite-structure Cu-based compounds with a suitable band gap (like CuGaS 2 [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , CuAlSe 2 [26] , CuAlS 2 [27] etc.) as the promising host materials for IBSC have been investigated both theoretically and experimentally. From the experiments, distinct sub-gap absorptions related to the IB have been observed from Fe [13] , Cr [14] , Ti [15] , Ge [16] , and Sn [17] [20] found that the earlier reported half-filled IB had turned to be a lower filled and a higher empty sub-bands in Ti-substituted CuGaS2 after adopting HSE06 functional. Meanwhile, Han et al. [21] found that unfilled IB appeared in the band gap in Fe and Co doped CuGaS 2 , and
Yang et al. [17] found that there is still a half-filled IB in Sn-doped CuGaS 2 from HSE functional calculations. They also pointed out that the transition metal with localized 3d states might not be the best candidate to achieve high efficiently IB absorption in chalcopyrite compared to the group-IV element Sn with delocalized 5s state. From the electron dispersion point of view, the group-IV elements (Si, Ge and Sn) are the promising dopant candidates for IBSC. In order to obtain IBs in the gap, a large doping concentration is needed. In addition to electronic structure and optical property investigations, the free energy of formation and the allowed chemical potential derived from the first-principles calculations have been used to evaluate the possibility of doping concentration theoretically. From the investigation on the free energy of formation of the materials, Palacios et al. [24] found that the substitution by Cr or Ti at Ga sites in CuGaS2 is energetically unfavorable, indicating that preparation methods controlled by kinetics must be used to obtain large dopant concentrations. To avoid the formation of impurities containing the doping elements, Tablero et al. [25] [34, 35] , implying that they are easier to be n-type [36] . For example,
Yuan et al. [35] found from the first-principles study that the p-type [33] . Owing to the half-filled property required for IBs [37, 38] , the p-type conductivity in Cu-based compounds may lead to empty IB and this is destructive to the half-filled character of IB.
Therefore, from the type of conductivity point of view, Ag-based compounds with a proper band gap may be more suitable as the host materials for IBSC. In addition, Ag-based chalcopyrite-type nanoparticles can be synthesized easily under milder reaction conditions than those of Cu-based ones [39] . Although Cu is cheaper and more abundant than Ag, Ag is advantageous with respect to In and Ga based on earth abundance and cost [40] . The inclusion of Ag in the thin film would not impose a large increase on the eventual cost of the solar panels [40] . The chalcopyrite AgAlTe 2 with a band gap of 2.27 eV [41] has been investigated as the absorber for solar cells [32, 41] and the photo-catalyst for water splitting [42] . Its band gap is close to the ideal width (2.4 eV) for IBSC at 1 sun concentration. Therefore, AgAlTe 2 can be regarded as a promising host material for IBSC.
In this paper, group IV (Si, Ge, and Sn) doped and can produce the desired sub-band gaps for IBSC.
Computational details
All calculations were carried out by the density functional approach in the VASP package [43] 2 ) and the core, the projector augmented wave (PAW) implementation was used [44] .
The calculations were performed using the screened hybrid exchange-correlation functional [45] For Ge and Sn-doped AgAlTe 2 , the PDOS and bonding characters are similar with those of Si-doped AgAlTe 2 . The atomic orbital energies [50] of Si-3s, Ge-4s and Sn-5s are -10.83, -11.61 and -10.05 eV, respectively.
So the sequence of the energies of the outside s-electrons is Ge < Si < Sn, which is displayed in the left of Figure 4 . The atomic orbital energy [50] of Te-5p is -6.17 eV, which is presented in the right of and Te p states. Owing to the delocalized electronic structure of IBs, the generated carriers can transport freely and then overcome the non-radiative recombination [38, 52] . In addition, the impurity bands in transition metal doped chalcopyrite compounds are fully-filled or empty from previous HSE calculations [20, 21] , which cannot serve the two-step jumping of an electron. The half-filled and delocalized properties of the IB of (Si, Ge and Sn)-doped AgAlTe2 make them as the promising candidates for IBSC. Moreover, AgAlTe 2 is easier to maintain the Fermi level at n-type region to keep the IB half-filled than Cu-based chalcopyrite compounds. The reference air-mass 1.5-solar spectral irradiance is plotted in yellow. Figure 6 presents the absorption coefficient of pure AgAlTe 2 and (Si, Ge and Sn)-doped AgAlTe 2 at doping concentrations of 6.25% and 12.5%.
Obviously, the capabilities of light absorption have been enhanced for the doped systems under the solar radiation spectrum by the sub-band gap absorption. With the doping concentration increases from 6.25% to 12.5%, the absorption coefficient is also improved. Based on the width of the band gap and the sub-band gap listed in Table 1 , we estimate the theoretical efficiency at 1 sun concentration of each our studied materials.
Owing to the similar width of the two sub-band gaps (for example, In order to obtain an IB other than impurity level in the doped systems, the samples generally need to contain dopants with a large concentration. To evaluate the possibility to reach a large concentration of group IV dopants in AgAlTe 2 , we have calculated the defect formation energy [53] according to: In addition to the host stability condition, the atomic chemical potentials should be smaller than that of the corresponding elemental solid in order to avoid precipitation of elemental solids: [32] , the Sn Al doping concentration can reach to ~6% under Te-rich condition. As we mentioned before, our calculated defect formation energies are based on using the elemental solid as the dopant source under equilibrium condition. By using other dopant sources [57] (like SiH 4 , GeH 4 etc.) and the non-equilibrium growth method [58] , the doping concentration may further increase in Si or Ge doped AgAlTe 2 to break up the limit of the equilibrium doping.
These methods can also be utilized to achieve a large Sn doping concentration. Combining the theoretical efficiency and defect formation energy, we suggest that Sn doped AgAlTe 2 can realize a large doping concentration easily and possess a desired theoretical efficiency, which should be a promising absorber candidate for IBSC.
Conclusion
In summary, we have studied the (Si, Ge and Sn)-doped AgAlTe 2 as an absorber for IBSC by the HSE hybrid functional calculation. Our results indicate that all the studied dopants can induce a delocalized IB in that Sn-doped AgAlTe2 can achieve a high theoretical efficiency and realize a large doping concentration, which is regarded as a promising absorber for IBSC.
